Abstract A kinetic model has been developed to predict changes with time of different parameters (COD, nitrogen, phosphorus, phytoplankton and alkalinity) in urban wastewater stored in deep (13.5 m) stabilization ponds in southeastern Spain. The effect of thermal stratification on the behaviour of the pond is represented in the model by means of two interconnected reactors, one above the other, representing the hypolimnion and the epilimnion respectively, separated by a moving thermocline. The values predicted by the model closely matched the experimental results.
Introduction
The advantages of treating urban wastewaters in deep ponds (>3m), as opposed to traditional shallow ponds, lie in the smaller area of land needed, the greater capacity for water storage and regulation and the smaller water losses through evaporation, which is an important consideration when the treated wastewater will be used for irrigation. The feasibility of conducting wastewater treatment in deep ponds has been proven in several studies carried out in the Region of Murcia, SE Spain, (Soler et al., 1981 (Soler et al., , 1991 Moreno 1984; Berna et al., 1987; Moreno et al., 1988) . This Region is characterized by a Mediterranean climate.
Many stabilization ponds in the Murcia Region are operated in batch mode (filling-storage-emptying) owing to water scarcity and the ensuing need to reuse treated wastewater in irrigation Shelef 1991, 1994; Liran et al., 1994) . Filling of the ponds is conducted during late fall and winter, and the stored water is used in agriculture in early summer. This mode of operation is used at a large stabilization pond near Cartagena (SE Spain) with a capacity of 350,000 m 3 , trapezoidal in shape and with a maximum depth of 13.5 m, which was subject to an experimental study by our laboratories to determine its treatment efficiency. The experimental results of fourteen parameters (temperature, conductivity, dissolved oxygen, biological oxygen demand, chemical oxygen demand, suspended solids, pH, alkalinity, Kjeldahl nitrogen, amonium nitrogen, nitrate, phosphate, organic phosphorus and chlorophyll "a"), obtained from samples taken at different depths in two profiles to evaluate the changes over time of the stored raw urban wastewater during three different sampling campaigns lasting six months each (winter-late spring), have been published elsewhere (Soler et al., 1981; Moreno 1984) .
These experimental data have been used to develop and calibrate a simulation model intended to be used as a design tool for deep ponds. The phenomenon of stratification, peculiar to deep ponds, plays a fundamental role in the behaviour of the system being modelled. The simulation model for deep ponds presented in this paper takes into account the hydrological, thermal and biochemical characteristics of the system. A hydrological submodel is obviously not necessary for a batch system. A thermal submodel has already been proposed for this pond (Moreno et al., 1984b) and for another deep pond operating in a similar fashion in the same Region (Llorens et al., 1992) .
The presence of a thermocline implies the existence of two clearly distinct zones between which an exchange of materials is established. The flow of materials between the two zones is affected by the changes in the position of the thermocline during the course of the year. The gradual deepening of the thermocline during the thermal stratification cycle results in the nutrient-rich water of the hypolimnion rising to the surface, where nutrients are gradually depleted by the intense biochemical activity resulting from higher temperatures, presence of light and surface photosynthetic oxygenation. In addition, the biomass generated in the epilimnion settles out to provide an additional source of nutrients for the hypolimnion.
Given the absence of previous studies on this type of pond, in which the presence of a thermocline strongly influences the water treatment process, the kinetic behaviour proposed in this paper has been based on dynamic models developed for shallow facultative ponds (Fritz et al., 1979; Ferrara and Harleman 1980; Ferrara and Acvi 1982; Hosetti and Patil 1987; New 1987) and for lakes and reservoirs (Walters 1980; Jorgensen 1983; Jorgensen et al., 1986; Havis and Ostendorf 1989; Herman et al., 1989) .
Biochemical model
The model describes the discontinuous system as two completely mixed reactors, located one on top of the other, and connected by two flows of materials: (i) supply of detrital biomass from the upper reactor (epilimnion) to the lower reactor (hypolimnion) due to settling out of materials; and (ii) supply of nutrients to the upper reactor through capture of nutrient-rich water by the downward movement of the thermocline. This representation of the pond agrees with the experimental results of the study conducted by our laboratory, in which a clear discontinuity is demonstrated between the two zones separated by the thermocline. Moreover, it is generally accepted that the non-stratified zones function as completely stirred mixed reactors (Orlob 1983; Moreno et al., 1984a) .
Overall mass balance for the hypolimnion
The mass balance for this reactor includes the following parameters: organic substrate, as dissolved chemical oxygen demand (COD f ); bacterial biomass; organic and inorganic phosphorus; organic and ammonium nitrogen; bottom sediment detrital system; and detrital biomass from epilimnion. Dissolved oxygen, phytoplankton and nitrate have not been included in the mass balance given that they are not present in the hypolimnion, as evidenced by the experimental results. Alkalinity has not been considered as a separate parameter given that in the absence of nitrification its value will remain constant. Other parameters such as inorganic carbon do not control for the phenomenon involved.
The volume of this reactor, V HP , (L), which varies with the depth of the thermocline, can be deduced from the thermal model (Moreno et al., 1984) and is presumed constant every day. If C is the concentration of any of the parameters, it can be expressed in a differential form as follows:
where r c : Reaction rate of any reactant, (mg/L day), and n : Number of reactions where the reactant is included. This overall balance, when applied to each one of the constituents of the system leads to the following set of differential equations: where S is the organic substrate concentration as soluble chemical oxygen demand (mg/L), and r s is the bacterial substrate consumption rate (mg/L day).
• Balance for heterotrophic bacteria:
where X b is the bacterial biomass concentration (mg/L); r xb1 is the bacterial growth rate, and r xb2 , is the bacterial settling rate (mg/L day).
• Nitrogen balance:
where No is the organic nitrogen concentration, (mg/L); r 1no , the organic nitrogen production rate from microorganism decay; r 2no , the organic nitrogen mineralization rate; r 3no , the rate of incorporation in the bottom sediments of organic nitrogen; and r 4no , the rate at which organic nitrogen enters the hypolimnion through settling out of detritic biomass from the epilimnion (mg/L day).
• Ammonium nitrogen:
where Na is the ammonium nitrogen concentration (mg/L); r 1am , the rate of generation of ammonium through organic nitrogen mineralization; r 2am , the rate of consumption of ammonium by algae and/or bacteria; and r 3am , the rate of production of ammonium through regeneration from bottom sediment (mg/L day).
• Phosphorus balance:
where Po is the organic phosphorus concentration (mg/L); r 1op , the rate of production of organic phosphorus through microorganism decay; r 2op , the organic phosphorus mineralization rate; r 3op , the rate of incorporation of organic phosphorus to the detrital sediment system at the bottom of the pond; and r 4op , the rate at which organic phosphorus enters the hypolimnion through detritic biomass settling out from the epilimnion, (mg/L day).
• Inorganic phosphorus:
where Pin is the inorganic phosphorus concentration (mg/L); r 1ip , the rate of consumption of inorganic phosphorus by algae and/or bacteria; r 2ip , the rate of production of inorganic phosphorus through mineralization; r 3ip , the rate of regeneration of inorganic phosphorus from the detritic system; and r 4ip , the rate of inmobilization of inorganic phosphorus as insoluble salts, (mg/L day). • Detritus system:
where D m is the active detrital biomass concentration (mg/L); r 1d , the detritic biomass production rate through microorganism settling; r 2d , the detritic biomass decay rate through anaerobic degradation; and r 3d , the settling rate of biomass from epilimnion to the detritic sediment accumulated at the bottom of the pond (mg/L day). The kinetic expressions included in the mass balance are summarized in Table 1 . Global mass balance for the epilimnion
The following terms are considered in the overall mass balance for the reactor constituted by the epilimnion, or water body located above the thermocline: organic substrate, as dissolved chemical oxygen demand (COD f ); bacterial and phytoplanktonic biomass; dissolved oxygen; organic and inorganic phosphorus; nitrate; organic and inorganic nitrogen; total inorganic carbon; and alkalinity. The balance of these parameters is completed by incorporating the terms corresponding to the supply of water and materials from the hypolimnion as the thermocline develops and deepens from the minimal degree of stratification present in the water body during the winter. No associated detritic system exists in the reactor representing the epilimnion since the sedimented biomass is incorporated into the hypolimnion. For any of the constituents of the system with a concentration C (mg/L), the corresponding mass balance can be written in differential terms as follows:
where V EP : Volume of the epilimnion (L), which is considered constant for any given day; C HP : Concentration in the hypolimnion of the constituent considered in the mass balance, (mg/L); Q HP : Flow rate of water from the hypolimnion to the epilimnion due to the downward movement of the thermocline, (L/day); r c : Reaction rate, (mg/L day), and n : Number of reactions in which the reactant is involved.
When this general mass balance is applied to each one of the constituents of the system, the following equations can be written:
• Organic substrate consumption by heterotrophic bacteria:
where S HP is the organic substrate concentration in the hypolimnion (mg/L); and r s , the substrate consumption rate by bacteria (mg/L day).
where X bHP is the bacterial biomass concentration in the hypolimnion (mg/L); k is the fraction of bacterial biomass in the thermocline area adaptable to aerobic conditions within the epilimnion (k = 1 if O 2 >1 mg/L and k = 0.5 if O 2 <1 mg/L); r xb1 and r xb2 have already been described.
• Balance for phytoplankton:
where X a is the phytoplankton concentration, expressed as chlorophyll "a" (mg/L); r xa1 , the phytoplankton growth rate, and r xa2 , the rate of disappearance of phytoplankton from the epilimnion through settling (mg/L day).
• Oxygen balance:
where O 2 is the dissolved oxygen concentration (mg/L); r 1do , the rate of transfer of oxygen 
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. . across the air-water interface; r 2do , the rate of production of oxygen through photosynthesis; r 3do , the rate of consumption of dissolved oxygen in organic substrate degradation; and r 4do , the rate of consumption of dissolved oxygen in nitrification (mg/L day).
• Phosphorus balance
where Po HP is the organic phosphorus concentration within the hypolimnion (mg/L); r 1op , r 2op and r 4op have already been described.
where Pin HP is the inorganic phosphorus concentration in the hypolimnion, (mg/L); r 1ip and r 2ip have already been described.
where No HP is the organic nitrogen concentration in the hypolimnion, (mg/L); r 1no , r 2no and r 4no have already been described.
where Na HP is the ammonium nitrogen concentration in the hypolimnion, (mg/L); p 1 , the ammonium preference factor; r 1am and r 2am have already been described, r 4am ; the nitrification rate; and r 5am , the rate of stripping of ammonia into the atmosphere (mg/L day).
• Nitrate:
where NO 3 is the nitrate nitrogen concentration (mg/L); p 2 , the nitrate preference factor; r 1na , the nitrification rate; r 2na , the nitrate consumption in the growth of algae and bacteria; and r 3na , the denitrification rate (mg/L day).
• Inorganic carbon balance:
where Ct HP is the inorganic carbon concentration in the hypolimnion (mg/L); r 1ct , the CO 2 transfer rate across the air-water interface; r 2ct , the CO 2 production rate in the respiration of microorganism; and r 3ct , the rate of consumption of CO 2 by phytoplankton during photosynthesis (mg/L day). The inorganic carbon concentration in the hypolimnion is constant. Its value is derived from the experimental results for alkalinity and pH in the hypolimnion throughout the sampling campaigns. 
• Alkalinity balance:
where Alk HP is the alkalinity in the hypolimnion (mg/L); r 1a , the rate of decrease of alkalinity through nitrification; and r 2a , the rate of increase of alkalinity through denitrification (mg/L day). The kinetic equations corresponding to each one of the processes involved in the mass balance are summarized in Table 2 .
Numerical solution technique
The equations for the mass balances in the two regions of the pond constitute two sets of first order, ordinary and non-linear differential equations which must be solved simultaneously. To do so, the fourth order Runge-Kutta numerical integration technique has been used. The time increment used in the numerical integrations is t=0.1 day, as further decreases in the time interval used in the calculations give rise to only minor changes in the computed results. The physical and biochemical constants necessary for the numerical solution have been taken from the literature or based on calibration of the model. These constants are presented in Tables 3 and 4 , which also indicate the literature source. Expressions for estimated variation with temperature of kinetic constants have been published previously (Moreno et al., 1988) , and their validity for application to both zones of the deep pond has been proven by calibration. The experimental data necessary for the numerical integration are as follows: meteorological data -solar radiation intensity; windspeed; evaporation and rainfall (these values are the mean of daily records of the nearest Meteorological Stations (Meteorological Observation Centres of San Javier and Murcia, located 5 km and 35 km away from the pond, respectively); water temperature and thermocline depth were provided by the thermal model for the same pond developed in our laboratories (Moreno et al., 1984b) . Initial conditions necessary for the numerical solution: for each year during which the model was applied, the average characteristics of the stored water corresponding to the epilimnion or hypolimnion one day after complete filling were recorded and used in the numerical solution.
Results
In order to compare the closeness of all the experimental and calculated values the Snedecor's F test for variances and the Student's t test for averages were calculated. The results obtained at a significance level of 0.05 are shown in Table 5 , in which the calculated values and the corresponding critical value for each variable included in the hypolimnion and epilimnion balances, respectively, are presented. The results of these statistical tests show an excellent fitting between calculated and experimental data.
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Conclusions
A dynamic model is presented for deep, stratified stabilization ponds which accurately predicts the changes with time of the most significant parameters during treatment of urban wastewater in batch mode. The basic hypothesis for the model is that the pond is made up of two regions lying one on top of the other, that is, epilimnion and hypolimnion, separated by a horizontal thermocline. Each of the two regions is represented as a completely mixed reactor. The two reactors are interconnected through the gradual downward shift of the thermocline as the stratification cycle advances during the summer and by the sedimentation of materials into the bottom of the pond from the surface layer. These assumptions simplify the calculations needed for a rigorous definition of each variable as a continuous function of depth and time or, in more general terms, of the position in the pond and time.
The numerical model has been calibrated and validated using experimental data obtained during three annual sampling campaigns conducted by our laboratories. The model accurately predicts the behaviour of the pond, as evidenced by the results of the statistical tests performed on calculated and experimental data.
